Surface coatings like diamond like carbon (DLC) films provide excellent surface properties on substrate. By using technique like finite element simulation, the coating performance under load can be estimated and thus provided valuable information, for the design and the use of coatings for different applications. Aim of present study was to model and simulate nanoindentation process on DLC coated high speed steel (HSS) by finite element method and to compare its results with experimental nanoindentation results. A two-dimensional (2D) and three-dimensional (3D) axisymmetric model was modeled/meshed in HYERMESH and analyzed in ANSYS software. The indenter was modeled as rigid body of diamond material. The models have the ability to simulate the loading-unloading curves and the development of plastic deformation during indentation. Developed load-displacement curve from FE models are compared with load-displacement curves measured by the experiments. The FE simulation results show that they are in good agreement with the experiment results.
Introduction
During the past decade tremendous progress has been done in the field of surface engineering technology. Improvement in the performance of various material systems has been carried out by the application of thin films of different substances on nearly all kinds of substrates, to meet the advanced industrial needs. Coating is a controlled process at the nano level to significantly enhance the ability of surface properties of substrate like hardness and elastic modulus. The failure of coated substrate can be related to the failure of coating itself or deformation of the substrate. It has been observed that coated surface very often fail due to tensile fracture. Tensile fracture mainly occurs at the contact edge of a contact due to the high tensile stresses. So, it is important to analyze the properties of coated surfaces. There are different techniques which are used to measure mechanical properties of coated surfaces. Among all the techniques, nanoindentation is one of the simplest techniques. But the test results are difficult to analyze because of the complicated triaxial stress state under the indenter, Li et al. (2006) . Recently, many numerical techniques have been developed in the field of engineering and sciences, in order simulate and analyze the indentation problems. Finite element method gives solution of very complex stress-strain fields of hard coated surfaces. Energy saving, environmental, economic and safety aspects emphasize the importance of controlling friction and wear in machineries and devices. Lubrication with oil is the most common way to control friction and wear. The use of liquid lubricant is often not so desirable for environmental reasons, problems with keeping it in the contact zone, ageing, circulating, storing, and contamination etc, Holmberg et al. (2007) . Surface engineering, where the surface properties of the moving contacts are changed in a favorable way by deposition of a different material or surface treatments, is an efficient way of controlling friction and wear, Holmberg et al. (2007) . Lichinchi et al. (1998) , carried out the comparative studies of nanoindentation process by experimental and FE analysis. They demonstrated that the finite element approach is capable of reproducing the loading-unloading behavior of nanoindentation test. So far, the finite element method could be an effective tool for simulating hardness measurements and its verification. Vlachos et al. (2001) determined the critical ratio of coating thickness to indentation depth, up to which the substrate properties have a negligible effect on the force versus displacement curve.
Aim of present work was to simulate the nanoindentation process on diamond like carbon (DLC) coated substrate. Present study includes the modeling of the system in terms of two-dimensional (2D) and three dimensional (3D) axisymmetric models. The FE results are compared with experimental results of nanoindentation process. The indenter used was ball indenter of diamond material, and DLC coating was deposited on high speed steel (HSS) substrate by inductively coupled plasma enhanced chemical vapor deposition method. The meshing was carried out in HYPERMESH software and the system was analyzed in ASYS software.
Experimental Details
DLC films were deposited by using a standard inductively coupled plasma-enhanced chemical vapor deposition (IC-PECVD) reaction chamber powered by a 13.56 MHz RF power (50 W) source. A high speed steel of 1.5 cm x 1.5 cm square area of 2 mm thickness was taken as substrate for depositing DLC film. The carbon source gas was methane (CH 4 ), diluent was hydrogen. The pressure inside the chamber was varied by closing and opening the throttle valve. The total flow rate was maintained a constant at 10 sccm, by varying the composition of the precursor gases. The load-displaced curves were obtained by Nano-hardness Tester (CSEM Instruments) fitted with an integrated optical (Nikon)/Atomic Force Microscope (Surface Imaging Systems) equipped with a Berkovich diamond indenter, having a triangular-pyramid shape.
FE modeling
In order to define axisymmetric model, 2-D and 3-D axisymmetric case were performed to simulate the elasticplastic indentation process. The model is designated by master and slave surfaces. These models were meshed in HYPERMESH and analysed in ASYS finite element software. In these models, ball indenter was considered as rigid of diamond material having tip radius of 200μm. The specimen is modeled with plane 82 element type. The indentation is very small as compared to size of the sample. The volume of substrate was taken in to consideration as 12×4×2 mm 3 (length, width, and thickness). Input material properties required for modeling is shown in table 1. The substrate deformation behavior was characterized as elastic-plastic. 2-D and 3-D models were mesh with the capability of HYPERMESH software as shown in fig. 1 and fig. 2 . After that these models were analysed in ASYS finite element software. A fine mesh is used around the contact area and near the tip of indenter in both 2-D and 3-D models. These models are of second order. The number of nodes are 109500 and number of element are 36194. The contact constraint is defined by master (ball indenter) and slave (substrate) surfaces. The ball indenter can penetrate the substrate. The indentation process is simulated both during loading and unloading step. The values of applied load by the ball indenter on coated substrate are in the range of minimum of zero 0 N and maximum of 5 mN. During loading process the simulation is performed to a depth, which is 75% of thickness (10 μm) of DLC coating in the y-direction, i.e. the indenter tip penetrates into the specimen; while during unloading process the indenter tip returns to the initial position (0, 0, 0). When the ball indenter comes in contact with coated substrate the value of load is 0 mN. During loading the velocity of indenter is 1mN per second and the maximum value of load will get up to 5 mN. The boundary conditions are applied along the original point, centreline and bottom of specimen by fixing the sample at horizontal axis.
The nanoindentation model was developed based on the following assumptions:
i. Materials are considered to be fully homogeneous and free from contaminates, pinholes and defects, ii.
The surface in the model are ideally smooth, which means that surface roughness effects are not considered, residual stress is not considered in modelling,
iii. Coating/substrate interference is perfectly bonded.
During indentation process purely elastic deformation takes place only during the beginning of the indentation process. In order to calculate occurrence of plastic deformation, Mises yield criterion is applied. The equation of Mises stress is given by the expression 1,
(1) Where σ 1 , σ 2 and σ 3 are the three principal stresses. Whenever σ Mises reaches the yield strength σ 0 , the material begins to deform plastically, Peterson (1982) .
Results and Discussions
The load-displacement curve obtained for DLC film is shown in fig.3, four indentations (a, b, c and d) curves are obtained on one sample. The loading and unloading rate was same with a value of 1 mN/sec. A maximum load of 5 mN and the maximum depth of indentation of 125 nm were applied over 60 seconds. Hence, total deformation was confined within the film, Erdemir and Donnet (2006) . The residual displacement was 50 nm for a total displacement of 125 nm. Thus, the film underwent 60% elastic deformation and 40% plastic deformation. Fig.3 . Load-displacement curve of DLC film By using two dimensional (2-D) models the development of plastic deformation in DLC coated substrate was investigated in order to know the better understanding of the plastic deformation behaviour in the material as the indentation depth is increased. The propagation in plastic deformation zone in DLC coated HSS substrate material is shown in fig. 5 . The plastic deformation in the specimen at the interface i.e. between the ball indenter and substrate is initiated at the beginning and then propagated. As shown in fig. 5(a) , at small indentation depths the plastic deformation takes place around the ball indenter tip region and it propagates both vertically and laterally as a round shape. At large indentation depths the propagation of plastic deformation is also seen in vertically as well as in lateral direction as shown in fig. 5 (b) . Fig.6 (a) and (b) shows the three-dimensional model of propagation of plastic deformation which gives the better understanding of plastic deformation zone. 
Conclusions
Finite element method is a powerful device to simulate the indentation process at the nanoscale. This study presents 2-D and 3-D axisymmetric FE model to predict the nanoindentation procedures. The FE model has been developed to simulate the nanoindentation response of DLC coated HSS substrate. The model is capable of simulating the loading and unloading stages of the plastic deformation behaviour during the indentation process. The applicability of the model has been investigated by experimental nanoindentation test of DLC coated HSS substrate. The simulation result is in good agreement with the experimental results.
